The selective sorting of Pb 2+ ions in bloodstream flow has been carried out via mixed chitosan nano-beads aqua-solution and then selectively sponge up the Pb 2+ ions by a chelating mechanism. To obtain an efficient chelating reaction and a chelating nanobead that can be attracted and separated from the bloodstream flow, a microfluidic component of a microchannel with electrodes has been designed and fabricated by micro-electromechanical process. A local dielectrophoretic force obtained from nonuniform electric fields was elected to manipulate the chelating nanobeads in a continuous bloodstream flow. The experimental studies indicate that the chelating nanobeads undergoes positive dielectrophoresis when suspended in a continuous flow (Re=5.0) and exposed to RF/AC fields at 13.56 MHz frequency. Through this device, the microchannel with electrodes provides a local dielectrophrosis field which is strong enough to manipulate and separate the chelating nanobeads in a continuous bloodstream flow.
Introduction
Lead is a toxic substance that routinely penetrates into the human body through digestion or inhalation. Within the body, most of the Pb 2+ ions are transported through the erythrocytes (RBC, Red Blood Cell) in bloodstream to various tissues and organs. In a long term, Pb 2+ ion will be retained in the body, most likely to be located within bone tissue. Higher concentration of Pb 2+ ions in bones lower neurobehavioral test score, progressively decline cognitive function, increase the possibility of hypertension, and decrease birth weight. In term, it is a critical issue in clinical treatment to trap Pb 2+ ions in blood. There are various methods of trapping Pb 2+ ions in blood such as ion exchange, filtration, reverse osmosis, absorption, complications, precipitation and electro deposition, which all relatively expensive. Consequently, developing a novel, easier, quicker, cheaper treatment for capturing Pb 2+ ions trapped in bloodstream is not only urgent but necessary. Recently, numerous low cost, non-toxic adsorbent materials have been evaluated for trapping toxic Pb 2+ ions in the bloodstream. Biopolymers, chitosan are the partially deacetylated form of chitin and composed of glucosamine, known as poly (1→4)-2-amino-2-acetamido-2-deoxy-b-D-glucan. Chitosan contains three types of reactive functional groups, anamino group as well as both primary and secondary hydroxyl groups at the C-2, C-3 and C-6 positions, respectively [1] . This special structure makes it exhibit chelation with various metalions [2] . Muzzarelli [3] pointed out that chitosan combines with metal ions by three forms: ion exchange, sorption and chelating. Chitosan has been frequently used for the sorption of heavy metal ions [4, 5, 6] . Further physical and chemical modifications of chitosan have been made to improve the selectivities and the capacities for metal ions [7, 8, 9, 10] . Chitosan is also characterized by weak diffusion properties: long contact times are required to reach equilibrium. Sorption capacity can be controlled by sorbent particle size [8] . Due to low porosity of chitosan, sorption performance is controlled by mass transfer resistance. To reduce this resistance to mass transfer, chitosan nanobeads have been developed to expand the polymer structure and reduce its crystallinity [11, 12, 13] . By the addition of micro fluidics techniques, the selective sorting of Pb 2+ ions in bloodstream has been carried out via mixed chitosan nanobeads aqueous buffer solution and then selectively sponge up the Pb 2+ ions by a chelating mechanism. Eventually, the chelating nanobeads will be trapped and separated from the bloodstream by applying other technologies. One of the fundamental difficulties in the manipulation of chelating nanobeads is that most conventional operating tools are the sequence of magnitude which are much larger than the beads, size ranging from hundreds nanometers to ten micrometers. Furthermore, a biofluid is a poor conductor of magnetism and electricity, whereas a number of conventional methods utilized to manipulate the chelating nanobeads have some limitations and disadvantages. The manipulation of biological beads by dielectrophoresis is probably the most broadly applied method among all microfluidic sorting technologies [14, 15] . A dipole moment is induced in biological beads when the beads are subjected to an AC field. In a diverging field, the polarized beads incur a force that can induce them to move to regions of high or low electric field, depending on the bead polarizability compared with the suspension medium. This force was termed dielectrophoresis (DEP) by Pohl [16] . Thus, by choosing appropriate frequency and strength of applied electric fields, beads of similar dielectric properties can be trapped efficiently. Recent studies have shown that biological submicron particles can be efficiently manipulated using dielectrophoretic methods. Leukemic cells, breast cancer cells, and CD34 bone antigens [17, 18, 19] can be sorted or enriched from human blood. Combined electrophoretic and dielectrophoretic forces have been used to trap and manipulate DNA on planar microelectrodes [20, 21, 22] . However, these studies are generally performed in a steady pool without any continuous process, which restrain the performance of operation. Furthermore, only a few experiments have been reported on nanopolymeric beading conjugant trapping by dielectrophoretic manipulation [23, 24, 25] . To obtain an efficient chelating reaction and chelating nanobeads that can be trapped and separated from the bloodstream flow, a microfluidic component of a microchannel with asymmetric electrodes has been designed and fabricated by a technology called microelectromechanical process. A local dielectrophoretic force obtained from nonuniform electric fields was elected to manipulate and trap chelating nanobeads in a continuous flow. The experimental studies indicate that the chelating nenobeads undergoes positive dielectrophoresis and blood cells undergoes negative dielectrophoresis when suspended in a continuous bloodstream flow (Re=5.0) and exposed to RF/AC fields at 13.56 MHz frequency. Through this device, the microchannel with electrodes provides a local dielectrophrosis field which is strong enough to manipulate the mobility of chelating nanobeads and blood cells in a bloodstream flow. The clinical observations prove the conditions under which a Pb 2+ ions trap in bloodstream can be obtained.
Theoretical Model
Hypothesis of chelating mechanism
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In the past, transport studies failed to confirm the actual mechanism of Pb 2+ ion has uptaken by chitosan, but they considered it likely the Pb 2+ ion is chelated with the NH 2 and NH groups in the chitosan [26] . The amino sugars of chitin and chitosan are the major effective binding sites for heavy metal ions, forming stable complexes by coordination. The nitrogen electrons present in amino and N-acetylamino groups can establish dative bonds with transition heavy metal ions. Some hydroxyl groups in these biopolymers may function as donors. Therefore, the deprotonated hydroxyl group can be involved in the co-ordination with heavy metal ions. Further, the chitosan also will form chelates with heavy metal ions by releasing hydrogen ions. Comprehending all of the above chelating mechanisms and the unique character of nanobeads for their small size, great surface area and quantum size effect, the heavy metal ions are almost completely retained by chitosan nanobeads. The formation of a chitosan chelate with Pb 2+ ion is shown in figure 1 .
AC electric charging operation
The classical theoretical model can be shown that the time-averaged dielectrophoretic force acting a spherical bead is give by Jones [15] , F DEP = 2πr
where r is the radius of the bead, E rms the root mean square value of the electric field (assume a sinusoidal time dependence), and Re{K（ω）} is not only depends on the dielectric properties of the bead and medium, but also on the frequency of the applied field. It is defined as the real part of the Clausius-Mossotti factor, K（ω）= (ε b * -
Here the (*) denotes that the dielectric constant is a complex quantity.
The complex permittivities of the bead and the medium ε b * and ε m * , respectively, are defined as ε * = ε − j（σ/2πω）, j=√-1, where ε is the permittivity, σ is the conductivity, Fig. 1 Formation of chitosan chelates with Pb 2+ ions. Fig. 2 A bead is subject to positive dielectrophoresis. The neutral bead is then attracted to the region of high field intensity. Comparatively, when the bead is subject to negative dielectrophoresis the dielectrophoretic force will hence repel the bead towards region of lower field strength.
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and ω is the frequency of the applied AC electric field. Variations in this factor give rise to a dielectrophoretic force that is frequency dependent and unique to a particular bead type. For the spherical chelating beads, the Re{K（ω）} is bounded by the limits -1/2＜
Re{K（ω）}＜1 and the varies with the frequency of the applied field and the complex permittivity of the medium. Positive dielectrophoresis (p-DEP, ε b ＞ε m ) occurs when Re{K（ω）}＞0, the force is toward the high electric field. Comparatively, the converse of this is negative dielectrophoresis (n-DEP, ε b ＜ ε m ), which occurs when Re{K（ω）} ＜ 0, the dielectrophoretic force will hence repel the bead towards the direction of decreasing field strength, as shown in figure 2 . In the other hand, due to the nature of the cell membrane and biconcave morphology, the classical spherical model must be modified in order to describe the polarization mechanics of real living cells. As proposed by Hoeber [27] , a real living erythrocyte cell cannot simply be described by the simply dielectric single spherical model, but is, however, well described as an oblate sphere of highly conducting cytoplasm surrounded by an insulating membrane. As the CM factor, K（ω）, used in the DEP force expression is valid only for homogeneous spherical cells, it is necessary to modify this factor taking into account both the spheroidal shape and low-conductive cell membrane of the living erythrocyte cell. Irimajiri [28] had modified a model with a multi-shelled Maxwell-Wagner (MW) theory in order to approximate the dielectric polarization of biological cells suspended in an electrolyte solution. Here, we better approximate the biconcave shape of an erythrocyte cell as an oblate spheroid. For the case a single-shell oblate spheroid with major axis aligned parallel with the applied field, the modified CM factor can be shown to be
The parameter A op describes the geometry specific degree to which the exterior of the cell, from the outer membrane edge to infinity, depolarizes along the principal axis, V c represents the cell volume, and ε c ' is the effective permittivity of the cell given by ε c ' = ε *
where ε * mem and ε * cyto are the complex permittivity's of the cell membrane and cytoplasm, respectively, A ip describes the depolarization from just the membrane to infinity, v
is the volume ratio of the cell exterior to interior, r the cell radius, c the cell half-length, and d is the membrane thickness. In the case of an erythrocyte cell, d is approximately three orders of magnitude less than r and c, and thus the approximation that A op = A ip can be made, and a useful expansion of this factor can be expressed in terms of γ = c/r
For a sphere particle, γ = 1, and thus A op = A ip = 1/3, which forces this model to converge to the well known spherical CM factor. However, γ does not equal unity for an erythrocyte cell, and unless otherwise stated, the time-averaged dielectrophoretic force acting a erythrocyte cell is give by the single-shelled Maxwell-Wagner theory,
where r is the radius of the cell, c the cell half-length, E rms the root mean square value of the electric field, and Re{K（ω） MW } is the real part of modified CM factor based on a single-shelled Maxwell-Wagner (MW) theory. [29] As a proper electric field applying, a chelating bead in a bloodstream medium will motive and experience a drag force, given by Stokes law as F drag =-ζv, where ζ is the friction
factor of the chelating bead. A chelating bead moving under the influence of force F is considered as always moving at the terminal velocity given by F/ζ. For low Reynolds numbers, the friction factor for a homogeneous chelating bead is given by ζ=6πμ, whereμ is the viscosity of the bloodstream medium. 
Electrothermal effect analysis
The dielectrophoretic mobility of a particle scales directly with its surface area, so that to manipulate small particles, high intensity electric field gradients are required. The high intensity AC electric field gradients associated with dielectrophoresis will create nonuniform temperature fields. Permittivity and conductivity are functions of temperature. Therefore, the spatially varying temperature field creates spatially varying permittivity and conductivity fields in the fluid. [30] An applied electric field, coupled with spatial variations in permittivity and conductivity, creates inhomogeneous Coulomb and dielectric body forces in fluid. This phenomenon is known as the electrothermal effect, and can induce microscale fluid motion, thereby non-invasively stirring the fluid at microscale. According to the formula W=σE 2 [29] , the power per unit volume of the electrical field that is absorbed by the blood serum is due to Joule heating. The temperature of the blood serum can be calculated by solving the heat equation with a source term for electrical heat generation: ρ m c p [(∂T/∂t) + U·▽T ] = k▽ 2 T + σE 2 , where U is the velocity, T is the temperature, ρ m is the mass density, c p is the specific heat at constant pressure, k is the thermal conductivity, and σ is the electrical conductivity of the blood serum medium. For the continuous bloodstream flow (1/σ)(∂ σ/∂T) = +1% and (1/ε)(∂ ε/∂T) = +0.5% per degree Kelvin. [31] These variations in electric properties will have a minimal effect on the continuous bloodstream flow owing to the increasing temperature generated by the moving blood serum medium. Thus, the high-intensity AC electric fields which are associated with dielectrophoresis (DEP) to generate a nonuniform temperature field can be ignored in the continuous bloodstream flow. 6 and with minimum 85% degree of N-deacetylation prepared form crab shells were obtained from SIGMA C3646 (SIGMA-ALDRICH CHEMIE Inc., Steinheim Germany). Chitosan nano-particles were ground by using a high-energy nano-ball-milling machine sieved to a consistent particle size ( ＜ 1μm) before use. All the reagents used were of analytical reagent grade. Deionized water with a conductivity of 18.2 MΩcm -1 was used to prepare all the solutions. Chitosan solution was prepared by dissolving 20.0 mg of chitosan nanoparticles into 40 ml of 5% acetic acid solution. The chitosan solution was sprayed into a precipitation bath containing 250ml of 0.5M NaOH, which neutralized the acetic acid within the chitosan gel and thereby coagulated the chitosan gel to spherical uniform chitosan gel beads (d b ≈ 800-1000 nm). The aqueous NaOH solution was stirred using a magnetic stirrer. The wet chitosan gel beads were extensively rinsed with deionized water to remove any NaOH, and finally the solution was treated with super-filtration membrane to remove the residual particles. Chitosan nanobreads were stored up in deionized water. The fabrication of the chitosan nanobead is shown in figure 3 . Contaminated bloodstream with lead (II) was prepared by dissolving 2.00 ml of aqueous Pb 2+ ion solution (30ppd concentration) into 100 ml human blood serum. The aqueous Pb 2+ ion solution was easily to be obtained by boiling aqueous PbCl solution for 2 hours.
Microfluidic-microelectric device
The multilayer structure of the microfluidic device with the electrodes shown in figure 4 was fabricated by bonding a polydimethyl siloxane (PDMS) replica between an indium tin oxides (ITO) coating Pyrex glass and a silicon chip. The cross-sectional size and streamwise length of the channel were 300×100 μm 2 and 20 mm, respectively. In the fabrication of the PDMS replica, a microstereo lithography (μ-SLA) system rapidly directs the focused radiation of an appropriate power onto the surface of a liquid photopolymer resin, forming patterns of the solidified photopolymer. The feature size of the fragment is determined by the diameter of the focused laser spot on the photopolymer surface [32] . After forming, the master was cleaned with alcohol and deionized water for the easy removal of the PDMS replica from the master after curing. The prepolymer of PDMS and a curing agent were mixed at the ratio of 10:1 and then degassed in a vacuum chamber. The polymer mixture was poured onto the master, and then cured at 65 o C for 1 hr. After cooling, the PDMS replica was peeled off from the master. In accordance with Fig. 3 The fabricated process of chitosan nanobead. , 28 (33) 7-19 (2010) the lithography techniques, the asymmetrical microelectrodes, 200 Å Cr and 1000 Å Au, were deposited on the surface of the silicon wafer using a magnetism DC sputtering coater, which provided precise and fast electrode formation. Then, the PDMS replica was oxidized in the plasma cleaner to achieve a strong bonding, and finally the replica was attached to the ITO Pyrex glass (ITO film, 1000 Å, resistance = 100 ohm/cm) and the silicon chip. The microfluidic device was connected to an RF/AC power with 13.56 MHz frequency and performance from 0 to 600 W (AE-Dressler Cesar136 with AE-Dressler VM1000A Matching Box).
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Electric field simulation
In this work, asymmetrical microelectrodes were used to generate the nonuniform field necessary to generate dielectrophoretic forces. The upper electrode was made of transparent conducting film, and the lower electrodes were designed in strip features on the silicon chip. The maximum electric field occurs in the lower electrodes. The range of gap between opposing electrodes was equal to the height of the flow channel in order to supply a nonuniform electric field across the flow section. The electric fields were modeled using ANSOFT TM Maxwell 3D, a finite element software package, to solve the electromagnetic problem. A two-dimensional model was sufficient to describe the electric fields of asymmetrical microelectrodes. To simplify, the system was modeled as if surrounded by PDMS. Figure 5 shows an ANSOFT Maxwell simulation of the electric field distribution generated by microelectrodes containing long bar features. Note that a higher electric field occurs in the vicinity of the strip electrodes. translates to a frequency-dependent, time average DEP force on a homogeneous bead. In other words, the responses of chelating bead and erythrocytes are predominated by conductivity and permittivity. The erythrocyte cell is bigger than serum for the permittivity (ε c ＞ ε m ), and the conductivity is much less (σ m ＞ σ c ), respectively. Then the erythrocytes will be attracted to electric field intensity maxima at high frequencies and to minima at low frequencies. The frequency-dependent behavior of chelating bead reverses if ε m ＞ε b and σ b ＞σ m . The average conductivity of bead can be written as the sum of bulk and surface conductivity of erythrocytes, σ=σ bulk + (2K surface / r) [33] , where K surface is the surface conductance and σ bulk is the bulk conductivity. The polarizability and the dielectrophoretic force on each bead and erythrocyte can be calculated on the basis of the dielectrophoretic theory and the Stokes law mentioned above. However, exposing erythrocyte cells to non-uniform electric fields may cause the membrane potential of the cells to rise rapidly. Membrane structure conformation and the formation of electropores are changed by increases in the potential of the angled membrane. Electropores increase the conductivity of the membrane, thereby protecting the cell. The creation of electropores was found to start at a membrane potential of 0.5-1 V for several cell types. According to Zimmermann et al. [34] , an alternating electric field induces a membrane potential on a cell of V m = [1.5r E rms cosα] / [1+(2πωτ) 2 ] 1/2 , where α is the angle between the membrane patch and the field direction, and τ is the relaxation time of the membrane, τ = r c mem (ρ ip +0.5ρ op ), with ρ ip and ρ op denoting the specific resistivity of the interior and exterior of the cell, respectively, and c mem the specific membrane capacity. The equation is concerned with whether a change in membrane conductivity alters the modified Clausius-Mossotti factor significantly so that a difference in the total force can be observed at the lower frequencies. This project describes a high frequency operation, ω=13.56 MHz, and thus alternating electric field induces a membrane potential will be reduced at a stable electrical field. Following the above potential equation, the change of membrane conductivity in the medium can be estimated. Fig. 6 Frequency dependence of the Clausius-Mossotti factor for the biopolymeric chelating nanobead and cytoplasm. Figure 6 shows the frequency dependence of the Clausius-Mossotti factor for the biopolymeric chelating bead (d b ≈ 800 nm) and erythrocyte cell (the cell radius r ≈ 3-4 μm, cell half-length c ≈ 1-2 μm, and membrane thickness d ≈ 7-9 nm) with a chelating nanobead permittivity ε b ≈ 2.56, a erythrocyte cell permittivity ε c ≈ 60, a serum medium permittivity ε m ≈ 53, a chelating nanobead conductivity σ b ≈ 1.381 Sm -1 , a erythrocyte cell σ c ≈ 0.312 Sm -1 , and a serum medium conductivity σ m ≈ 1.24 Sm -1 [35, 36] . At same medium conductivity and at a frequency of 13.56 MHz, biopolymeric chelating bead experiences negetive dielectrophoretic field (NDEP), whereas erythrocyte cell experiences positive dielectrophoretic field (PDEP), so that the two bead types can be spatially separated in a continuous bloodstream flow.
Results and Discussion
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Additional forces effect
The actual electric field generated in a stasis medium fluid will cause high Joule heating, which leads to a rapid temperature rise and induces fluid flow. Local temperature variations in the stasis liquid will also bring about permittivity and conductivity inhomogeneities in the medium, which will produce a force to activate the medium fluid. Rather than focus in the traditional manner on aspects of cells trapped in a static medium, this project is primarily concerned with the way continuous fluidic flow evokes △ is the characteristic length over which the field varied; D cell ~ r /ψ 1/3 with r being the radius of the cell. For the initial density (4.5 -6×10 6 cells/ml) this ratio is about 2.3 -3.5 ×10 -7 which indicates that the inter-particle interaction is negligible. When the biological fluid is mixing well in the stream flow, there is a corresponding broad decline in cell density, whereby F ratio decreases. The inter-particle interaction therefore disperses gradually.
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Dielectrophoretic manipulation
The observations indicate the conditions under which a bead and cell separation can be obtained. At suitable frequency and applied potential, it was possible to provide a local dielectrophrosis field strong enough to spatially manipulate and separate a mixture of chelating beads and erythrocyte cells into two distinct direction in a continuous flow (Re=5.0). This can clearly be observed in figure 7 , which indicates the conditions under which chelating beads and erythrocytes attracting can be achieved at an applied power 5 Watt. At a bloodstream medium conductivity of 1.24 Sm -1 and frequency of 13.56 MHz, the chelating bead experiences negative dielectrophoretic field, so that the bead moves toward the direction of the ITO electrode in the main fluid flow where the dielectrophoretic force is small. Relatively, the erythrocyte cell experiences positive dielectrophoretic field, so that the erythrocyte cell moves toward the direction of the strip electrodes in the main fluid flow where the dielectrophoretic force is strong. In this case, the electrodes (Fig. 7, 1-1' section) supply enough dielectrophoretic force, the biopolymeric chelating nanobeads experience negetive dielectrophoretic field (NDEP) and move toward to the ITO electrode, whereas the erythrocytes experience positive dielectrophoretic field (PDEP) and move toward to the strip electrodes, so that the two bead types could be spatially separated in a continuous bloodstream flow. The images show that the erythrocytes are attracted to the high-field region of the strip electrodes, and the chelating beads are attracted and widely distributed to the low-field region of the ITO electrode in the downstream direction. The moving velocity of chelating bead and erythrocyte cell should be proportional to the time-averaged dielectrophoretic force, U = 
, where L b =100 μm is the distance from the main beading flow to the attracting electrodes and L e = 600 μm is the range of dielectrophoresis field provided by the asymmetric electrodes. Considering the steady-state condition, and neglecting the electro-thermal effect, the deviation angle of chelating bead and erythrocyte cell mobility with AC electric field application can be estimated as θ ~ tan
, where U flow is the velocity of continuous bloodstream flow (Fig. 7) . By analyzing the theory, (Fig. 7) show that, for the real cases of bloodstream flow considered here, the experiments and theoretical predictions have some similarities. A slight discrepancy between the experimental and theoretical results was observed for regions not only close to the nonuniform distribution but also to the wall. The experimental measurements deviating from the numerical prediction were attributed to the beads and cells that keep moving and slipping near the electrodes wall in the continuous flow even though the beads and cells were attracted to the electrodes.
Absorption equilibrium
The capability of Pb 2+ ions adsorption was probed based on the difference of the Pb 
Conclusions
This work demonstrates that the selective adsorbing of Pb 2+ ions in bloodstream has been carried out via mixed chitosan nanobeads aqua-solution and then selectively sponge up the Pb 2+ ions by a chelating mechanism. Combined an appropriate electrode array with controlled as a function of magnitude, frequency, and application time of the applied dielectrophoresis, a local dielectrophoretic force obtained from nonuniform electric fields was used for manipulating and attracting the chelating nanobeads and blood cytoplasm in a continuous flow. It has been demonstrated that the deviating mobilities of beads and cytoplasm depend on the polarizability of the beads and cytoplasm, and this in turn is governed by the dielectric properties of the beads, cytoplasm, and medium. Using this technique, a selective adsorbing of heavy metal ions in RBC was efficiently achieved from the bloodstream medium, and potentially allows critical biological adsorbing treatment in fields outside hospitals. In addition, the latest electroporation techniques are being carried out in chips fully compatible with the IC fabrication process, making it favorable for adaptation with mass fabrication.
